Quantum chemical methods were used to study the electronic structure and some physicochemical properties of Rubescin E molecule. Good agreement with experiment was found for 3 J H-H coupling constant, IR, 1 H NMR, and 13 C NMR. The excitation energy and oscillator strength calculated by TD-DFT also complement with experiment. Large values were obtained for dipole moment, polarizability, first static hyperpolarizability, electric susceptibility, refractive index, and dielectric constant, meaning that Rubescin E has strong optical and phonon application and can be a good candidate as NLOs material. The 3D analysis of the title molecule leads us to the conclusion that electron can easily be transferred from furan to tetrahydrofuran ring. The global reactivity descriptors were evaluated. Mulliken, ESP, and NBO charges comparisons were carried out and described.
Introduction
Many molecules from plant research were found nowadays to have application in the field of medicine, where there are use for the treatment of many diseases among which we found malaria caused by plasmodium falciparum. The new limonoid name Rubescin E (C 31 H 36 O 7 ), extracted from the roots of Trichilia Rubescens, collected from Cameroon, has been evaluated against erythrocytic stages of strain 3D7 plasmodium falciparum and also exhibited significant antiplasmodial in vitro activity with IC 50 value of 1.13 M [1] . The FT-IR performed on Rubescin E molecule revealed the presence of , -unsaturated carbonyl moiety at 1720 cm −1 and 1664 cm −1 . These values can be obtained theoretically by performing the vibrational frequencies calculation on the title molecule and used to explain the different motion of atoms or group of atoms in a molecular system. The 1D ( 1 H, 13 C NMR) and 2D NMR spectra were run on a Bruker AV spectrometer [1] in order to predict the structure of the title molecule and were done in this work in order to take out similarities between experiment done previously and theoretical calculation performed here.
In this work, quantum chemical calculation was performed in order to take out the electronic structure (energy 2 Advances in Condensed Matter Physics gap, charge distributions, NLO properties, vibrational frequencies, NMR, and UV-vis calculation) and some physicochemical properties (
3 J H-H chemical coupling-coupling constant, the global reactivity descriptors, and some geometrical parameters such as bonds lengths and bonds angles) of Rubescin E molecule. To the best of our knowledge, no theoretical study was performed yet on the title molecule, that is what motivated us to investigate the electronic structure, the spectroscopic, and some physicochemical properties of Rubescin E molecule. Except for NMR, UV-vis, 3 J H-H chemical coupling-coupling constant, and the vibrational frequencies obtained for the two , -unsaturated carbonyl moiety, most of our results were not compared and we are optimistic that it can be used as threshold for future experimental or theoretical research. Hartree Fock and DFT (using B3LYP and B3PW91 functionals) methods were used for these purposes. These properties were calculated by employing the triple split valence basis set along with polarization functions with and without diffuse functions as implemented in Gaussian 09, Rev. A02 in both gas phase and in a solution of chloroform. The methods and basis sets used are among the most widely used [2] [3] [4] [5] and provide excellent results which are generally very close to experiments [6] [7] [8] .
Computational Methods
Theoretical calculations were performed on Rubescin E using HF and DFT methods at the B3LYP and B3PW91 levels as implemented in Gaussian 09W code [9] . All these calculations were done in gas phase and in a solution of chloroform. No geometry restriction was applied during the optimization procedure. The solvent effects were treated within the conductor-like polarizable continuum model (CPCM). For the geometry optimization, the 6-311G(d,p) and 6-311++G(d,p) basis set were used in both gas and solvent. Convergence criteria in which both the maximum force and displacement are smaller than the cut-off of 0.000015 and 0.000060 and RMS force and displacement less than the cut-off values of 0.000010 and 0.000040 were used in the calculations in order to increase the accuracy of our results. The chemical 3 J H-H proton-proton coupling constant function of angle between two C-H vectors was calculated from the optimization output using the original Karplus equation [10] . The optimized form of our molecule was then used to determine the global reactivity descriptors, electronic and NLOs properties. The net charges were also evaluated using MPA, ESP, and NBOs methods at the three levels mentioned above, and all this was done in both gas phase and chloroform with the 6-311++G(d,p) basis set. In order to confirm the stability of our molecule, the vibrational frequencies (IR and Raman) were evaluated at the 6-311G(d,p) and no imaginary frequencies were found leading us to the results that our molecule was stable at the levels and basis set considered. The time dependent density functional theory (TD-DFT) field was used in gas phase with the 6-311++G(d,p) basis in order to understand the electronic transition of our molecule and the obtained results were compared to experiment. The GIAO (gauge independent atomic orbital) method was used on the optimized form of our molecule in a solution of chloroform to determine the 1 H and 13 C NMR spectra parameters at the three levels and with the 6-311++G(d,p) basis set. In order to compare the calculated values of 1 H and 13 C chemical shift with experimental results, the reference and widely used molecule TMS (tetramethylsilane) for this purpose were exploited at the same level, at the same phase, and with the same basis set.
Results and Discussion
3.1. Optimized Structure. The optimized geometry of Rubescin E obtained using the B3LYP/6-311++G(d,p) method in chloroform is shown in Figure 1 . The value of the total electronic energy of the molecule obtained at the B3LYP shows that Figure 1 is the most stable structure of the molecule. The total electronic energy calculated within the two methods in gas and in a solution of chloroform with the 6-311++G(d,p) is given in Table 1 .
Structural Properties.
A part of the optimized geometrical parameters (bond length, bond angle) and total electronic energy of the title molecule both in gas and in a solution of chloroform are given in Table 1 using the three levels and with the 6-311++G(d,p) basis set. The total description of the molecular geometry of Rubescin E molecule in gas phase and in a solution of chloroform using ab initio (RHF) and DFT (B3LYP and B3PW91) methods with the 6-311++G(d,p) basis set can be obtained from Supplementary Material S1.
The atom numbering scheme adopted for this purpose is the same as in Figure 1 . The energy differences between the two used phases increase when we move from B3PW91 to B3LYP and to RHF and are found to be approximatively 0.48 eV, 0.49 eV, and 0.57 eV, respectively. The optimized bond length and bond angle of Rubescin E are also listed in Table 1 with some specific experimental values [12] [13] [14] found in the literature for some groups of compounds such as furan, ethylene oxide, and tetrahydrofuran present in our molecule. It can be observed from Table 1 that the values of the bond length obtained at B3LYP are slightly higher than those obtained at the B3PW91 level. These differences are found between 0.0034Å and 0.0107Å for C-C; 0.0061Å and 0.0095 A for C-O; and 0.0007Å and 0.0013Å for C=C in gas phase. The value of C=O bond length is better at the DFT methods since its values are closer to 2.10Å found in literature [11] . It can also been observed that the calculated bonds length using Hartree Fock and DFT methods are very close to the values found in literature for the specific groups of compounds present in our molecule. These observed differences varied from 0.0012Å at the B3LYP level to 0.0363Å at the RHF level; from 0.0002Å at the B3PW91 level to 0.0288Å at the B3LYP level; and from 0.0019Å at the B3LYP level to 0.0259Å at the RHF level for C-C, C-O, and C=C bonds both in gas phase and in chloroform solution, respectively.
The bonds angles of the studied molecule are slightly different when we move from one phase to another at each level with larger values obtained at the RHF level. From our results, it can be seen that the C-C-C bond angle varies from 96. B3LYP, and B3PW91 level of the theory. In CDCl3, the C-C-C bond angles are similar to those obtained at the gas phase. The smallest value of C-C-C bond angle was C 20 -C 8 -C 29 bond angle and the largest C 51 -C 14 -C 57 bond angle. For the C-C-O angle, the smallest value was 104.4386 ∘ obtained at the RHF and the largest value was 123.472 ∘ obtained at the B3LYP level both in the gas phase. The C-O-C bond angle was found between 107.1084 ∘ and 123.4264 ∘ obtained at the RHF level. These bonds angles compared to some known values found in literature [12, 14] for specific compound present in our structure show good similarities. The little differences are found between 0.0268 ∘ and 1.5507 ∘ for C-C-C bond, between 0.0595 ∘ and 3.0614 ∘ for C-C-O bond, and between 0.0202 ∘ and 0.781 ∘ for C-O-C bond. These observed differences are due to the fact that these groups of compounds were not isolated. [1] obtained by extracting Rubescin E in a solution of chloroform. From our results, we found that the calculated parameters both in gas and in chloroform are all similar at all the levels used. These obtained results are also very close to experiment. As predicted in literature [10] , we observed from Table 2 that when the angles between the two C-H vectors are close enough to 0 0 or 180 0 , the value of 3 J H-H coupling constant is greater (with the levels in gas phase and chloroform show positive charge for all the hydrogen atoms. The net charge on all the atoms varies from -1.109653e to 1.980512e, from -1.164916e to 1.904034e, and from -0.891775e to 1.524787e, respectively, in gas phase at the RHF, B3PW91, and B3LYP levels. In a solution of chloroform, the charges varied from -1.064962e to 1.826589e, from -1.206706e to 1.904292e, and from -0.945041e to 1.550492e with some oxygen atoms charges being positive and can be explained by the fact that the oxygen is related to extremely negative carbon atoms. The most positive charge atoms are C 63 , C 5 , C 8 and the most negative charge atoms are C 71 , C 62 , C 67 . The electrostatic charges were evaluated in this work using the CHelpG scheme of Breneman model. We found from our results that the most positive charges atom is C 4 followed by C 62 and C 2 and the most negative charge atom is C 12 followed by C 5 and C 7 . The observation made at all levels and basis set in gas phase and in a solution of chloroform is that the most positive charge atoms are directly related to the most negative charge atoms.
Calculated
The natural atomic charges, obtained using the natural bonding orbital method, were also used to evaluate the atomic charge of Rubescin E. Positive and negative charges were found for all hydrogen and oxygen atoms, respectively. In this case, all carbon atoms directly linked to hydrogen atoms were found to have negative charges except for those linked to oxygen atoms. The most negative charge atom was calculated using HF method and was observed for O 65 (-0.69456e) and O 60 (-0.68330e), respectively, in chloroform and gas phase. The most positive charge atom was found to be C 62 in both gas (0.97067e, 0.80601e, and 0.81407e, respectively, at the RHF, B3PW91, and B3LYP levels) and solvent (0.98887e, 0.81804e, and 0.82650e, respectively, at the RHF, B3PW91, and B3LYP levels); this is due to the fact that C 62 is related to negative charge atoms (O 65 , O 60 , and C 63 ). Mulliken, electrostatic, and natural atomic charge distributions are graphically shown in Figure 2 . From Figure 2 , one can observe that, for almost all the methods used for charge description, the most positive and negative charge atoms were calculated at the RHF level in both gas and chloroform and this is due to the fact that the effect of electron correlation is not well described in HF method.
Global Reactivity Descriptors.
In order to understand the relationships between structure, stability, and reactivity of Rubescin E molecule, the global reactivity descriptors parameters such as chemical hardness (H), chemical potential ( ), chemical softness (s), electronegativity ( ), and electrophilicity index ( ) were calculated. The finite difference equation given by (1) was used to calculate the ionization potential and electron affinity, which are generally used to calculate the above cited parameters.
The IP and EA calculated from (1) were then used to calculate , , s, , and using equations found in the literature [15] [16] [17] . All these parameters calculated using the two methods in gas phase are presented in Table 3 . A high value of and characterizes a good electrophile, while a small value stands for good nucleophile. H-H proton-proton coupling constant of Rubescin E in gas phase and in chloroform solution. The calculated vertical IP values in gas phase are bigger than their corresponding values in solvent. From Table 3 , we also found that putting the molecule in solvent increases its electron affinity. From the calculated IP and EA values, one can conclude that solvent effect increases the capacity of molecule of gaining an electron compared to donating it. It also reduces the harness of our molecule and increases the softness. Hence, the presence of solvent increases the reactivity of the molecule Rubescin.
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Frontier Molecular Orbitals.
The frontier molecular orbitals of Rubescin E were evaluated using the ab initio and DFT methods. The 6-311G(d,p) and 6-311++G(d,p) basis sets were used for this purpose in gas phase and in chloroform solution. The results show that the energy gap of our molecule decreases when diffuse functions are added onto all the atoms. We also found that whenever the basis set and methods used, the energy gap is greater than 4, showing that our molecule is hard and can be used as insulator in many electronic devices. In Figure 3 , the 3D plots of the HOMO and LUMO orbitals computed at the RHF, B3PW91, and B3LYP levels with the 6-311G(d,p) basis set are illustrated in gas phase. We observed that the HOMO of Rubescin E is located over the furan ring at the three levels and also at the C-C of cyclohexane ring and C-O of oxiran ring. By contrast, the LUMO orbital is located over the cyclohex-2-enone ring, C-C and C-O bond of tetrahydrofuran ring. We can therefore conclude that electron can easily be transferred from furan ring to tetrahydrofuran ring.
The total density of states (DOS) spectrum of Rubescin E at the gas phase and in chloroform is given in Figure 4 for each level at the 6-311++G(d,p) basis set. These DOSs spectra presented in Figure 4 were obtained from GaussSum 3.0 program [18] which was used in order to show the contributions of different group to molecular orbital (HOMO and LUMO). From Figure 4 , we observe that the HOMO-LUMO energy gap is smaller when we move from RHF to B3PW91 and from B3PW91 to B3LYP level, respectively, for both gas and chloroform phases, with larger values obtained in chloroform.
UV-Vis Spectra Analysis.
Time dependent density functional theory (TD-DFT) was used in gas phase at the two levels B3PW91 and B3LYP with the 6-311++G(d,p) basis set in order to determine the first six excited states to investigate the UV-vis absorption spectra of the molecule. The excitation energy (E), wavelength ( ), and oscillator strength (f) along with their major contributions are given in Table 4 and their results are compared to experiment. Two intense electronic transitions were predicted at 4.4934 eV (275.92 nm) and 3.4415 eV (360.27 nm) with oscillator strengths of 0.0043 and 0.0014, respectively, at the B3PW91 level and 4.5123 eV (274.77 nm) and 3.4603 eV (358.31 nm) with oscillator strengths of 0.0041 and 0.0014, respectively, at the B3LYP level. We observed from the spectra that the maximum absorption wavelength corresponds to the electronic transition from HOMO to LUMO+1 with 100% contribution followed by the electronic transition from HOMO to LUMO with 99% contribution at the two levels. The experimental absorption spectra of the title molecule predict two bands at 254 nm and 365 nm. The error between the theoretical and experimental results range from -4.73 nm to 21.92 nm at the B3PW91 and from -6.69 nm to 20.77 nm at the B3LYP level. These errors are due to the fact that only one molecule was considered for simulation. The theoretical UVvis absorption spectra of Rubescin E in gas phase are shown in Figure 5 .
Dipole Moment ( ), Average Polarizability ( ), First Static Hyperpolarizability ( ), and Anisotropy of Polarization.
In this work, the dipole moment , average polarizability , first static hyperpolarizability , and anisotropy of polarizability Δ of Rubescin E were evaluated in both gas phase and chloroform solution in order to define the nonlinearity of Rubescin E. The finite-field approach was used for this purpose. Equations (2), (3), (4), and (5) were used to calculate the polarizability, dipole moment, anisotropy of polarizability, and first static hyperpolarizability, respectively, using the x, , components obtained from Gaussian 09 W output. The calculated parameters were presented in Table 5 at the three levels with the 6-311++G(d,p) basis set.
The calculated values of polarizability and first static hyperpolarizability obtained from Gaussian output are in atomic unit. These values were then converted into electrostatic unit (esu) for comparison purpose (for : 1 a.u = 0.1482 x 10 −24 esu, for : 1 a.u = 8.6393 x 10 −33 esu) [19] [20] [21] [22] . From a giving molecule, when these values ( and ) are greater than those of urea, the molecule is said to have good active NLO properties. We observed from our results that the values of , , and are higher in solvent than their corresponding value in gas phase. and of Rubescin E calculated at the 6-311++G(d,p) basis set using different methods were greater than those of urea. These values calculated using the HF/6-311D(d,p) method ( = 5.2175D and = 1760.3169x10
esu) were also higher than those of urea ( = 3.8851D and = 372. 8 10 −33 esu), obtained using the same method and basis set [21] . Hence Rubescin E can be considered to have good active NLO properties and this is due to the delocalize electron on the furan ring.
Optoelectronic Properties.
In order to recognize the optoelectronic nature of Rubescin E for different devices applications, some parameters such as electric field (E), electric polarization (P), electric susceptibility ( ), permittivity (E), refractive index ( ), and electric displacement (D) were calculated using equations given in the literature [23] [24] [25] .
We observed from Table 6 that the results of the calculated parameters are slightly different when we move from one level to another and also when the medium changes. The value of electric field is greater in a solution of chloroform than its corresponding value in gas phase. This is because the polarizability increases in presence of a solvent. The values of electric susceptibility, dielectric constant, and refractive index are greater at B3LYP level compared to their corresponding value at the RHF. All the calculated parameters of optoelectronic properties obtained at the B3LYP level are similar to those obtained at the B3PW91 level. None of these parameters have been determined before either theoretically or experimentally. One of the central goals of this study is to understand the underlying structure-property relationships which might form the basis for a "molecular engineering" approach to electronics, optoelectronics, and photonics. The molar refractivity of our molecule, known to be an important parameter in quantitative structure-property relationship analysis was calculated for this purpose. The value of the molar refractivity was calculated at the three levels, in both gas and chloroform using the 6-311++G(d,p) basis set. The Lorenz-Lorentz equation was used for this calculation [26, 27] and its results are listed in Table 6 .
The high values of molar refractivity, polarizability, anisotropy of polarizability, and first static hyperpolarizability of Rubescin E molecule show that the molecule has good quantitative structure-property relationship analysis and might therefore form the basis for a "molecular engineering" approach to electronics, optoelectronics, and photonics.
NMR Study of Rubescin E.
After the optimization of the Rubescin E molecule, the 1 H and 13 C chemical shifts were calculated at the RHF, B3LYP, and B3PW91 levels of the theory using the 6-311++G(d,p) basis set. In order to compare the calculated values of 1 H and 13 C chemical shifts with experimental results, we also need to calculate the absolute shielding value of 1 H and 13 C for the tetramethylsilane (TMS) using the same methods above. The GIAO (Gauge Invariant Atomic Orbitals) approach known to provide satisfactory chemical shifts for different nuclei with larger molecules [28] was used for this purpose and the following equation:
where is the atom type and was used to convert the chemical shielding to chemical shifts. The experimental and calculated chemical shifts of 1 H along with their corresponding error are listed in Table 7 . The calculated and experimental 13 C chemical shifts of our molecule are given in Table 8 and their comparison can be found in Figure 7 . The linear regression line plotted in Figure 7 shows that theoretical results are in good agreement with experiment. This is confirmed by the linear correlation coefficient calculated here as R-square at the RHF, B3PW91, and B3LYP levels using the 6-311++G(d,p) basis set.
The following regression line plotted for each level using the general equation = + , where a and b are given in Figure 7 , shows that the calculated 13 C chemical shifts correlate very well with experiment. The linear correlation coefficient calculated as R-square found in Figure 7 also confirms this.
Vibrational Frequencies Analysis.
The vibrational frequencies of our molecule were computed by using B3LYP/6-311G(d,p) method in both gas phase and chloroform. The experimental IR vibrational frequencies obtained for the two carbonyl moiety present in our structure along with the calculated scaled and unscaled vibrational frequencies, IR, and Raman frequencies with their approximate descriptions are given in Table 9 . The rest of the vibrational parameter of Rubescin E molecule which is not described in Table 9 can be obtained from Supplementary Material S2. The scale factor was determined as the mean value of the scale factor that matches correctly for the C=O stretching and the given experimental value. The obtained scale factor was 0.9706. No imaginary frequencies were found showing that structure of the molecule Rubescin E is stable in both gas and solvent. Figure 8 gives the representation of the scaled IR intensity and Raman scattering activity.
The C=O double bond gives rise to a very intense absorption band in IR spectrum. The position and intensity of this band range from 1870 cm −1 to 1540 cm −1 depending on the physical state, electronic, and mass effects of neighboring substituents, intra-and intermolecular interactions, and conjugations [29] . The C=O double bond absorption spectra were observed experimentally at 1720 cm −1 and 1664 cm −1 [1] . In this study, the vibrational mode of C=O was found at 1726.20 cm −1 and 1690.57 cm −1 gas phase and at 1701.01 cm 
Conclusion
In this study, the geometry optimization of Rubescin E has been carried out using ab initio HF and density functional theory DFT (B3LYP and B3PW91) methods in both gas phase and chloroform solution with the 6-311++G(d,p) basis set. The optimized parameters were compared to those of some existing groups of compound present in our molecule, since none of this have been done before for the title molecule and good agreement was found. In order to confirm the geometry 16 Advances in Condensed Matter Physics Table 9 : Some calculated scaled and unscaled vibrational frequencies (cm of our molecule, the 3 -proton-proton coupling constant was evaluated and the results compared to experiment were similar. The calculated results have showed that Rubescin E possesses a HOMO-LUMO energy gap greater than 4, which indicate a hard molecule that can be used as an insulator in many electronic devices. We can also conclude from the HOMO-LUMO analysis that the electron can easily be transferred from the furan to tetrahydrofuran ring. The charge analysis performed using Mulliken population, CHepG, and NBO methods showed positive charge for all hydrogen atoms; it was observed that the most positive (respectively, negative) charge atoms were directly linked to the most negative (respectively, positive) charge atoms and also that all the carbon atoms linked to hydrogen were all negatively charged. The calculated first static hyperpolarizability was found to be more than four times greater than the reported value found in the literature for urea leading us to the conclusion that Rubescin E has very good NLO properties. The calculated optoelectronic properties show large values of refractive index, dielectric constant, and electrical susceptibility, leading us to the conclusion that Rubescin E has strong optical and phonon application. Good agreement was found between the calculated and experimental UV spectrum. The theoretical proton ( 1 H) and carbon ( 13 C) chemical shift values (with respect to TMS) were reported and compared with experimental data, showing a very good agreement for both 1 H and 13 C NMR. The calculated vibrational frequencies done using the B3LYP/6-311G(d,p) functional in both gas and chloroform solutions were all positive leading us to the conclusion that Rubescin E was stable. Approximate descriptions of the vibrational assignments were done in order to take out the different motions of atoms in the title molecule.
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